BACKGROUND: According to conventional theory, the oocyte population is not renewed in mammalian ovaries after birth. A new hypothesis proposes that oocytes are generated continuously from haematopoietic progenitor cells. There is, however, no evidence that they can ovulate, although they may partially restore fertility by organizing 'helper follicles'. The hypothesis that follicles can form de novo in adult ovaries has been tested in a transplant model. METHODS: Ovaries from adult mice were transplanted under the kidney capsule or into the ovarian bursa of histocompatible, transgenic CAG::H2B-EGFP host animals. Some donors were sterilized before transplantation by X-irradiation to ensure 'empty niches' were available for repopulation. The phenotype of follicular oocytes at 2, 4 and 8 weeks post-transplantation was scored by epifluorescence. RESULTS: A total of 819 oocytes were examined in 30 ovarian grafts. None expressed green fluorescence, as would be predicted if they had formed de novo from germ cell progenitors in the systemic circulation of the host. Furthermore, small follicles eliminated by irradiation were not replaced in transplanted ovaries, and the few growing follicles present were apparently survivors of the original population. CONCLUSIONS: No evidence was found to support the hypothesis that progenitor cells from extra-ovarian sources can repopulate the adult ovary. The findings are consistent with the conventional view that a limited number of oocytes are formed before birth and declines with age. The study did not, however, rule out the possibility that germline stem cells may reside in the adult ovary.
Introduction
Male germ cells are generated throughout adult life from spermatogonial stem cells, but it has long been accepted that the population of oocytes is fixed before or shortly after birth, at least in mammalian species (Zuckerman, 1951) . This theory has been one of the foundations of ovarian biology for over 50 years and was not seriously challenged until recently.
In 2004, Johnson et al. reported finding that oocytes are continuously replaced in adult mouse ovaries and observed candidate germline stem cells in the surface epithelium (Johnson et al., 2004) . These findings were dramatically at odds with conventional theory because they implied that the ovary can continuously renew its germ cell reserve, reminiscent of spermatogenesis in the testes, and they appeared to confirm some early 20th century findings which had been largely discredited (e.g. Allen, 1923) . The claims made by Johnson et al. essentially rested on three lines of experimental evidence: (i) follicular turnover appeared to exceed the available follicular store, (ii) molecular markers of early meiosis were expressed in adult ovaries and (iii) chimaeric follicles were sometimes observed in pairs of fused ovaries, suggesting they were newly formed. Collectively, these data implied that follicles were being renewed by resident germline stem cells in adult mouse ovaries, but the following year the same group published a revised hypothesis based on data showing that the germ cell progenitors were actually derived from the circulation and ultimately from bone marrow. Johnson et al. reported that bone marrow cells were able to generate new oocytes in ovaries that were genetically sterile or depleted by cytotoxins and they suggested, furthermore, that tandem variation in germline marker expression in bone marrow with stages of the oestrous cycle implied the existence of a feedback mechanism regulating production of new follicles (Johnson et al., 2005a) .
These striking claims have been challenged by a number of groups Telfer et al., 2005; Bristol-Gould et al., 2006; Eggan et al., 2006; John et al., 2007) and countered, in turn, by the claimants (Johnson et al., 2005b; Lee et al., 2007; Tilly and Johnson, 2007) . New evidence in favour of the conventional theory was obtained by Eggan et al. (2006) , who found that when a bone marrow donor or one partner of a parabiotically joined pair of mice was transgenic for green fluorescent protein (GFP), and the respective wild-type recipient or contralateral partner never ovulated green fluorescent oocytes. The study design did not address the possibility that GFP-positive oocytes had nevertheless migrated to recipient ovaries but were never ovulated. Lee et al. (2007) confirmed that offspring are exclusively derived from host oocytes rather than bone marrow-derived progenitors, but they also reported that bone marrow transplantation soon after semisterilization with cyclophosphamide-busulphan treatment substantially improved fertility and partially restored the stock of ovarian follicles. They hypothesized that fertility benefited from bone marrow transplantation because of an indirect effect mediated by 'helper follicles' organizing around germ cell progenitors derived from circulating cells, as reported by Johnson et al. (2005a) .
We have used ovarian transplantation in a mouse model to test whether the stock of oocytes in the ovary is replenished by germ cell progenitors in the circulation. Wild-type mouse ovaries were transplanted into histocompatible hosts expressing a nuclear-localized GFP marker and screened at intervals to ascertain whether they were repopulated with oocytes expressing GFP. Since ovaries lose at least half of their follicles from ischaemic damage after transplantation (Jones and Krohn, 1960) , the procedure theoretically creates 'empty niches', such as those needed for germ cell turnover in Drosophila ovaries (Xie and Spradling, 2000) , that may be required for new follicles to form in mammals. To further increase this capacity for folliculogenesis, some donor ovaries were irradiated prior to transplantation to completely eliminate small oocytes.
Materials and Methods

Animals
All mice were maintained under specific pathogen-free condition in AALAC accredited facilities of the College of Physicians and Surgeons of Columbia University. Four-week-old female 129/SvJ mice (The Jackson Laboratory, Bar Harbor, ME, USA) were used as ovary donors. Host animals were histocompatible 129-CAG:: H2B-EGFP females (8-24 weeks of age) and transgenic for a histone 2B enhanced GFP fusion transgene controlled by a ubiquitous promoter. This marker is highly specific for chromatin (Hadjantonakis and Papaioannou, 2004) .
Ovarian transplantation
In the first experiment, donor ovaries were isolated and bisected immediately prior to transplantation using aseptic techniques. A dorsolateral incision was made in the left flank and in the body wall of host animals to exteriorize the left kidney and ovary. Hemi-ovaries were transplanted into a pocket created under the kidney capsule, whereas the other half was inserted into the ovarian bursa after removing the resident gonad. The bursa was sutured with 10/0 nylon, and the skin incision was closed with wound clips. Ovarian grafts from both sites and the intact contralateral host ovary were harvested 2, 4 and 8 weeks later.
In a second experiment, wild-type donor mice received 0.5 gray whole-body irradiation at a dose rate of 0.0139 gray s 21 before being used as ovarian donors. At this dose, primordial follicles are completely eliminated within 24 h, but the more radio-resistant growing follicles take several weeks to clear by natural processes (Gosden, 1990) . These donors were sacrificed 24 h later and their ovaries were bisected and transplanted under the kidney capsules of transgenic adult hosts, which were autopsied after 4 weeks. Ovaries were also harvested at 24 h, 2 and 4 weeks from unoperated, irradiated mice to serve as controls for verifying the sterilizing effects of irradiation.
Microscopical analysis of ovaries and ovarian grafts
Grafted and control ovaries were fixed in 4% paraformaldehyde at 48C for 2 h, followed by 30% sucrose overnight and embedded in Tissue Tek O.C.T. compound (Sakura Finetechnical Co, Ltd, Tokyo, Japan). The specimens were stored at 2808C for up to 1 month until cryostat sections were cut at 10 mm from the frozen blocks. A few representative sections from grafts and irradiated controls were stained with haematoxylin and eosin for morphological study but the majority was examined with epifluorescence. The sections were stained with 4 0 ,6 0 -diamidine-2-phenylindole dihydrochloride (DAPI) for DNA and mounted under a coverslip with Gel/Mount (Biomeda Corp., Foster City, CA, USA) before examination under a Zeiss Axiovert 200 M microscope. A Plan Apo 100Â, 1.4NA oil immersion lens and filter sets for DAPI and GFP were used to distinguish nuclei in cells of donor or host origin. A total of 15 -30 frozen sections from both orthotopic and heterotopic grafts were examined from five animals at each of the three time points. A minimum of 25 follicles were screened per graft, except for one orthotopic graft at the 2 week interval in which only nine follicles were found. In irradiated heterotopic grafts, 15-25 sections were examined using the same methods.
Follicles were examined for DAPI staining to verify the identity and stage of follicle and confirm the presence of the oocyte nucleus in the section before scoring for GFP. Observations were confirmed by a second observer before every oocyte was photographed using DAPI and GFP filter sets in turn. Primordial follicles were characterized by a small oocyte with mainly squamous pregranulosa cells, whereas growing follicles had a larger oocyte and one or more layers of cuboidal granulosa cells. Antral stages were follicles containing a fully grown oocyte with a large extracellular or 'antral' cavity. Chromatin in oocytes varies with stage of development, being denser and more evenly distributed in the nuclei of small oocytes than at antral stages in which it is diffuse except for a rim around the nucleolus (Mattson and Albertini, 1990) .
To confirm GFP expression in oocytes of host mice, ovarian sections were stained with an anti-GFP antibody (Molecular Probes, Eugene, OR, USA) and an anti-murine Vasa homologue (MVH) antibody (Abcam Inc, Cambridge, MA, USA). Whole ovaries from 4-week-old 129-CAG::H2B-EGFP females were fixed in 4% paraformaldehyde at 48C for 2 h, washed with phosphate-buffered saline, and treated with Triton X-100 (0.1%) for 3 h, stained with DAPI overnight and examined with laser scanning confocal microscopy under a Zeiss LSM510 NLO or processed for immunohistochemistry. Immunohistochemistry was performed using a standard avidin-biotin peroxidase staining method using peroxidase-conjugated goat anti-rabbit antibody (Jackson Immuno Research, West Grove, PA, USA) and 3,3 0 -diaminobenzidine as the substrate (Vector Laboratories Inc., Burlingame, CA, USA).
Results
Ovaries from CAG::H2B-EGFP transgenic mice expressed GFP in oocytes and most other nuclei, the notable exception being the granulosa cells where the expression was variable (Fig. 1A) . Expression of GFP in oocyte chromatin was confirmed by immunostaining adjacent sections with anti-GFP and anti-MVH antibodies, a germ cell-specific marker (Fig. 1B  and C) .
All ovarian grafts were informative insofar as they contained follicles and lacked any obvious pathological changes. There was an increase in the percentage of larger follicles in the older grafts indicating that ischaemic tissues had been revascularized and surviving follicles were developing normally (Table I and Fig. 2 ). GFP expression in host tissues was confirmed by green fluorescence in the nuclei of kidney tissue adjacent to heterotopic grafts and in contralateral ovary sections (not shown). Oocytes in grafted ovaries were scored for fluorescence individually using DAPI and GFP filters in turn (Fig. 3) , including 422 oocytes from heterotopic grafts and 397 oocytes from orthotopic grafts. There were no obvious differences in follicle morphology between the two sites. A few cells with fluorescent nuclei, presumably of host origin, were observed in the stroma of grafts (Fig. 3E and F) ; however, none of the 819 oocytes in the 30 grafts expressed GFP in their nuclei. The majority of these observations were based on primordial follicles (67%), the most abundant stage in all specimens.
Irradiated, control ovaries were examined at 24 h, 2 and 4 weeks. Primordial follicles were completely absent in these organs, although a few growing follicles persisted at all time points, consistent with published data (Gosden, 1990) . Four of the five irradiated ovaries grafted to the kidney capsule survived and 15 -25 sections were examined from each of the four. Only one primordial follicle was observed in the set and most of the growing follicles (48 in total) were apparently in the process of atresia since they exhibited pycnotic granulosa cells. Nevertheless, the nuclei of these oocytes could still be scored for DAPI fluorescence, although none of them expressed GFP (Table I) .
Discussion
Ovarian transplantation has a long history in experimental endocrinology and is highly effective in restoring normal oestrous cycles and fertility to ovariectomized mice (Krohn, 1977; Gosden, 2008) . This technique was used to test the hypothesis that circulating germ cells can regenerate the oocyte population in adult ovaries, but no supporting evidence was found after screening large numbers of oocytes in ovaries grafted from wild-type mice to hosts expressing GFP in their nuclei. A few GFP cells were observed in the stroma of grafts, possibly of vascular origin, such as the committed leucocytes described by Eggan et al. (2006) in their study of bone marrow transplantation.
This study was prompted by claims that folliculogenesis continues during adult life (Johnson et al., 2004) , that oocytes are formed from progenitors in the circulation (Johnson et al., 2005b) and that fertility is partially restored by bone marrow transplantation after cytotoxic treatment, at least according to one small series (Lee et al., 2007) . These observations could have enormous clinical significance for ovarian regeneration in young cancer patients receiving sterilizing chemotherapy and who are therefore losing the chance of genetic parenthood (Johnson et al., 2005b) . However, no evidence has been published to date showing that oocytes derived from bone marrow cells after transplantation can be ovulated (Eggan et al., 2006; Lee et al., 2007) . An apparent conundrum that bone marrow transplantation has beneficial effects on fertility without directly contributing to gametes for fertilization might be explained by systemic effects in animals whose health has been compromised by treatment with alkylating agents. On the other hand, Lee et al. (2007) demonstrated that oocytes of donor origin appeared in host ovaries and Table I . Number of mouse oocytes in different types of follicles scored in five ovarian grafts from each transplantation site and time point as well as four irradiated ovarian grafts from the kidney capsule. Primordial  90  133  97  92  73  66  551  1  Growing  27  33  50  32  53  53  248  44  Antral  0  1  1  4  6  8  20  3  Total  117  167  148  128  132  127  819  48 No oocyte nuclei were positive for GFP. boosted numbers overall, although none of the follicles of donor origin progressed beyond the early pre-antral stage even 2 months post-transplantation. Since these follicles did not ovulate, yet fertility improved in the hosts, they might tentatively be regarded as 'helper follicles', which promote the maturation or survival of follicles remaining in an ovary otherwise compromised by cytotoxic treatment. There is some doubt, however, whether such a hypothesis is relevant, at least in the context of ovaries depleted by ageing, because the threshold number of follicles required to maintain spontaneous ovulation is very low (,100) (Jones and Krohn, 1961; Gosden et al., 1983) . In other words, it is unlikely that supplementary factors provided by bone marrow transplantation will make any difference to the functional lifespan of the normal ovary.
In the present study, we have transplanted GFP-negative ovaries into GFP-positive transgenic hosts to test whether circulating germ cell progenitors can colonize the ovaries and organize new follicles. Detection of a GFP-positive cell in an otherwise GFP-negative tissue is a particularly sensitive assay for cells migrating into a graft, and the nuclear localization of the GFP allows positive identification of every oocyte. No support was found for oocyte replenishment after ascertaining that none of the germ cells in ovarian grafts was GFP positive, i.e. derived from the host. Moreover, even up to 8 weeks after transplantation, the majority of oocytes examined were in primordial follicles, which is the most immature stage and the first to be formed after neo-oogenesis. Since these oocytes are among the most radio-sensitive of all mammalian cells, it is unlikely that somatic cells required for the organ were destroyed by a minimal sterilizing dose of radiation. The lack of regeneration in these ovaries is a further denial of the hypothesis that circulating germ cell progenitors exist in adults, while irradiation had provided the maximum potential niches for repopulation. Although it is possible that it could take more that 8 weeks for regeneration to occur, Johnson et al. (2005a) reported all stages of follicles present within 8 weeks. Overall, we therefore find no support for oocyte regeneration in mouse ovaries, including indirect promotion of fertility through hypothetical 'helper follicles'. Circulating cells appear not to offer any potential contribution to fertility preservation, although we cannot rule out the existence of germline stem cells in the ovary, except to point out the lack of evidence of activity in adult life, if they exist at all.
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